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I 

Finely di.iided Pt and Pt-Pb black powders have been used f o r  some time as 

These blacks have been prepared by a number Of 
anode c z z a l y t i c  m.-terials f o r  t h e  oxidat ion of hydrocarbons and hydrocarbons 
containing oxygen i n  f u e l  c e l l s .  
j i f f e r e r L i  methods w i t ! l  t h e  end result t h a t  each prepara t ive  method and even 
..-ori?.+,ions w i t h i n  a gi.:en method y ie ld  c a t a l y s t s  of  d i f f e r e n t  a c t i v i t y .  
subjec t  of t h i s  pa.per is a s tudy of t h e  micros t ruc tura l  and electrochemical  surface 
f r e a  c h z r n c t e r i s t i c s  of Pt and Pt-Pb electrodeposi ted blacks prepared under 
d i f f e r e n t  e lectrochemicel  condi t ions and is p a r t  o f  an o v e r - a l l  program on eleCtr0- 
c a t o l j t i c  m3ter ia l s .  

The 

i 

EXF'ERIMXIWAL APPRaACH 

Three important aspec ts  o f  preparing c a t a l y s t s  by e lec t rodepos i t ion  were 
s t u d i e d .  These were t h e  e f f e c t s  of t h e  e lec t rode  s u r f a c e  micros t ruc ture  upon 
which t h e  c a t a l y s t  nucleates  and grows, t h e  cur ren t  d e n s i t y  during electrodepo- 
s i t i o n  and t h e  Pb ion concentrat ion i n  t h e  p l a t i n g  so lu t ion .  Earlier i n  t h e  
program, it was observed t h a t  t h e  electrochemical  sur face  area and a c t i v i t y  of 
e l e c t r o l y t i c a l l y  prepared Pt blacks varied with d i f f e r e n t  sur face  t reatments  
of  t h e  e l e c t r o d e  s u b s t r a t e  p r i o r  t o  e lec t rodepos i t ion .  Repl icat ion e lec t ron  
microscopy i n  conjunction with electrochemical  sur face  area measurements were 
performed t o  e s t a b l i s h  whether o r  not d i f fe rences  i n  nuc lea t ion  and growth of  
Pt and Pt-F'b blacks could account f o r  such d i f fe rences .  Cross-sect ions of  t h e  
electrodeposi ted l a y e r s  were also examined. 

t h e  depos i t ion  parameters, cur ren t  dens i ty  and pb concentrat ion of t h e  p l a t i n g  
so lu t ion .  Tnese results were cor re la ted  with c a t a l y t i c  a c t i v i t y  f o r  t h e  e lec t rode  
oxidat ion of h.;drocarbon f u e l s  s tud ied  i n  o t h e r  p u t s  of  t h e  program. The sur face  
a reas  were measured using a charging method which involves t h e  measurement of  t h e  
number o f  coulombs required t o  remove a monolayer of  adsorbed hydrogen by e lec t ro-  
chemical oxidat ion from t h e  s u r f a c e  of t h e  c a t a l y s t ,  The inf luence  o f  t h e  concen- 
t r a t i o n  of E% upon t h e  charac te r  of t h e  c a t a l y t i c  depos i t  was s tudied  both micro- 
s c o p i c a l l y  and e l e c t r o l y t i c a l l y  employing t h e  same methods as metitioned above. 

The extent  of e lectrochemical  s u r f a c e  area was inves t iga ted  i n  regard t o  

DISCUSSION OF EXPERIMENTAL RESULTS 

Microscopy of t h e  Nucleation and Growth of  Pt and Pt-Pb Elec t rodepos i t s  

Electron Microscopx: Repl icat ion e l e c t r o n  microscopical  techniques were 
u s e d  t o  stud;. t h e  nucleat ion a n d  growth of Pt and Pt-Pb e l e c t r o d e p o s i t s  on Pt 
e lec t rodes  which were purposely chemically p r e t r e a t e d  t o  a l ter  t h e  e l e c t r o d e  
topography t o  a s c e r t z i n  what e f f e c t s  topography had upon s t r u c t u r a l  and phys lca l  
p r o p e r t i e s  of t h e  deposi t .  The sur faces  examined were, untreated,  metal lographical ly  
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, polished,  sandblasted and etched by heat, molten sodium carbonate  and aqua reg ia .  

Figure I contains  e l e c t r o n  micrographs i l l u s t r a t i n g  t h e  e f f e c t  of  each treatment on 
the topography. 
e lec t rodes  at d i f f e r e n t  time i n t e r v a l s  f r o n  a 2% aqueous s o l u t i o n  of  H$%C16 a t  a 
cur ren t  dens i ty  o f  100 ma/cm2. Each e l e c t r o d e  was electrochemical ly  cleaned and 
reduced before  e lec t rodepos i t ion .  
on unt rea ted  Pt s u r f a c e s .  
particles which enlarge l a t e r a l l y  with p l a t i n g  time u n t i l  t h e  e l e c t r o d e  sur face  
becomes covered. 
a s p e r i t i e s  and t h e  d e p o s i t s  become smoother. 
t h e  same general  p a t t e r n  with minor v a r i a t i o n s .  

sur faces  a t  cur ren t  d e n s i t i e s  of 10 and 100 ma/cm2 from 0 .1  M H2Ptc16, 2 x 
pbOOCCH3 so lu t ions .  
as f i n e  nuclei  randomly d ispersed  over  t h e  sur face .  
i n t o  a t h i n  smooth grayish  depos i t .  
cur ren t  densi ty-  d i f f e r e n t  from t h o s e  prepared a t  10 ma/cm2 i n  t h a t  t h e  nuclei  
formed more r a p i d l y  and were c o a r s e r  i n  appearance. 
showed some d i f f e r e n c e  i n  mode of nucleat ion.  
and growth on u n t r e a t e d  pt sur faces .  
t h i s  case as t h o s e  descr ibed i n  t h e  previous experiments. However, t h e s e  deposi ts  
were much more fragile t h a n  t h o s e  prev ious ly  discussed.  

J?t w a s  e lec t rodepos i ted  on a s e r i e s  of 1 cm2 a r e a  p r e t r e a t e d  

Mgure  I1 shows t h e  nuc lea t ion  and growth of pt 

, 
1 1  

The e l e c t r o d e p o s i t  appears first as randorply d i s t r i b u t e d  

Fur ther  depos i t ion  appears t o  occur  primarily i n  t h e  sur face  
8 Deposition on o ther  sur faces  follows 

Pt-Pb blacks  were e lec t rodepos i ted  on untreated,  annealed and sandblasted 
M 

The e l e c t r o d e p o s i t s  formed at 10 ma/cm2 on t h e  various surfaces  
These n u c l e i  g r e w  l a t e r a l l y  

The e l e c t r o d e p o s i t s  prepared at t h e  higher 

Each p r e t r e a t e d  sur face  
FTgure I11 shows t h e  nucleat ion 

The same genera l  growth p a t t e r n  p e r s i s t s  i n  

Light Microscopic Surface Analysis: L ight  microscopic examinations of Pt 
and Pt-Pb e l e c t r o d e p o s i t s  prepared at 100 ma/cm2 revealed only rough appearing 
s u r f a c e s  without any d i s t i n g u i s h i n g  f e a t u r e s .  The same examinations for  Pt-Pb 
blacks deposi ted at 10 ma/cm2 d i d  r e v e a l  some d i s t i n g u i s h i n g  features and are 
shown i n  Ngure IV. 
on annealed substrates showing first the smooth depos i t  followed by cracking defects  
and some i n t e r e s t i n g  secondary growth phenomena as t h e  e lec t rodepos i t ion  time was 
advanced. 

This  figure conta ins  a series of photomicrographs for depos i t s  

- Cross-Sect ional  Microscopical  Analysis: E lec t ron  and l i g h t  microscopic 
s t u d i e s  show only t h e  topographical  features of t h e  d e p o s i t s ,  
these depos i t s  were prepared t o  g ive  some concept as t o  t h e  s t r u c t u r a l  character-  
i s t i c s  of t h e  catalyst i n t e r i o r .  
prepared a t  10 and 100 ma/cm2 for Pt and Pt-Pb b l a c k  depos i t s .  
d e p o s i t s  prepsred at 10 ma/cm2 and t h e  Pt depos i t  prepared at 100 ina/cm2 appear 
88 solid films w i t h  v e r t i c a l  cracks.  
is s i g n i f i c a n t l y  d i f f e r e n t  and i s  c h a r a c t e r i s t i c  of  d e n d r i t i c  t y p e  s t r u c t u r e .  

Cross-sect ions of 

F'igure V conta ins  c ross -sec t ions  o f  deposi ts  
Both types  of 

' The Pt-Pb depos i t  prepared at 100 malm2 

Deposit Thickness Growth Rates 
I 

Cross-sec t iona l  a n a l y s i s  also afforded ae a means t o  obta in  information 
regard ing  depos i t  t h i c k n e s s  growth rates and t h e  compactness of t h e  deposi t  from 
depos i t  thickness  measurements, depos i t ion  times and deposit weights. The two 
types o f  depos i t s  were prepared on unt rea ted  Pt e l e c t r o d e s  at time i n t e r v a l s  and 
average f i l m  th icknesses  and depos i t  weights were measured. 

pared  a t  10 ma/cm2 and 100 ma/cm2 r e s p e c t i v e l y .  
and 2.8 x 10-3 mm/sec. 

4 Linear  th ickness  growth rates were observed for Pt and Pt-Pb depos i t s  pre- 
The r e s p e c t i v e  rates are 2 x 10- 

Pt discharged at 100 ma/cm2 w a s  not  l inear and w a s  found t o  



where 4' i s  t h e  
deposi ted 10 
ofi '  and appears 

deposi t  th ickness  and b and m are constants .  
rr-/cn2 shows an i n i t i a l  rapid thickness  growth r a t e  which t a p e r s  
to become l i n e a r  a f t e r  approximately 200 seconds depos i t ion  time. 

The Pt-Pb black 

r ,  Surface I'rea o f  Electrodeposi ts  

Surface Area o f  Pt Blacks Prepared 0" Pre t rea ted  ------ 
sur face  area o f  Pt e lec t rodepos i t s  p r e c i p i t a t e d  at 100 
Pt e l e c r o d e s  is  shown graphica l ly  vs depos i t ion  t ime i n  Figure V I .  
I n d i c a t e  :he inf luence  of sur face  pretreatment  on electrochemical  area. 
press ion  was found which r e l a t e s  s u r f a c e  a r e a  with depos i t ion  t ime for depos i t ion  
9: 100 .n?/cm2 f o r  t h e  f i r s t  400 seconds of  p l a t i n g  time, it is: 

These d a t a  
An ex- 

w!?ere ? 
i!! t? vs 2 p lo ts ,  such as Figme V I .  
s:, 'rstitution of m and an experimental po in t  6 , t. a and m a r e  d i f f e r e n t  f o r  each 
of t h e  depos i t s  on t h e  d i f f e r e n t l y  t r e a t e d  e lec t rodes .  

is :he electrochemical  sur face  area,  m is  t h e  s lope  at high values of time 
Q is obtained by solutjfon of (1) apter 

Surface Area of  F't-Pb Deposits 0" Pre t rea ted  pt Surfaces: The s u r f a c e  a r e a  ---- 
of t h e s e  depos i t s  w a s  
depos i t ions  a', 100 ma/cm2. 
d id  not i c f l u e n c e  t h e  s u r f a c e  a r e a  of t h e  depos i t .  
p l o t s  have average s lopes  of  21.5 mC/mg depos i t .  
which b u i l d s  up w a s  found t o  be  0.05~ g/sec. 
equa:ion was der ived f o r  c a l c u l a t i n g  deposi t ion times t o  prepare  c a t a l y s t s  of 
q p r o x i m a t e  des i red  sunf ,,&e areas; 

found t o  increase  l i n e a r l y  with time o r  d e p o s i t  w e i g h t  fo r  
Furthermore, t h e  pretreatment  of  t h e  s u b s t r a t e  e lec t rode  

Surface a r e a  v s  depos i t  weight 
The average weight of deposit 

From t h i s  information, t h e  following 

a mC/cm2 tsec = 
1.07 

This equal;ion assumes no loss  of c a t a l y s t  due t o  f l a k i n g  o f f  from t h e  e lec t rode .  

s h i p  ce:ween s u r f a c e  area and depos i t  t ime or weight. The amount deposi ted p e r  
u n i t  t h e  - iar ied with e lec t rode  pretreatment  and t h e  rate of i n c r e a s e  i n  s u r f a c e  
area was obser-,red t o  decrease with depos i t ion  time. The experimental d a t a  were 
f o m d  t o  obey t h e  following equation: 

Deposition of t h i s  codeposi t  at 10 ma/cm2 d i d  not show any l i n e a r  r e l a t i o n -  

8 = bp (i / t )" /2  ( 3) 

'L and m are cons tan ts  dependent upon t h e  na ture  of t h e  s u b s t r a t e  s u r f a c e  and a r e  
0tc:ained fro:. g raphica l  p l o t s  of  experimental d a t a .  
densit:r. 
equation ( 3 ) .  

1 is defined as t h e  cur ren t  
Fi6&re VI1 shows t h e  exper imentd  and ca lcu la ted  sur faces  areas us ing  

4ne Effect  of  Current Density on Surface Area: Since codeposi ts  prepared 
_---I__--- 

a t  t'ce zwo c i r r e n t  d e n s i t i e s  var ied so  widely, experiments were conducted to  
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determine t h e  e f f e c t  of  v a r i a t i o n s  i n  cur ren t  d e n s i t y  on t h e  s u r f a c e  area of t h e  
codeposi t .  
codeposi t .  The results of t h e  experiment on unt rea ted  F‘t e lec t rodes  is  shown i n  
Figure V I I I .  This  p l o t  is e s s e n t i a l l y  t h e  same f o r  each o f  t h e  t r e a t e d  sur faces .  
A p l o t  o f  deposi t  weight 11s c u r r e n t  d e n s i t y  has t h e  same shape as  i n  Figure V I I I .  

The same number of  Faradays were discharged i n  t h e  prepara t ion  of each 

The sur face  a r e a  was found t o  be  r e l a t e d  t o  t h e  cur ren t  d e n s i t y  by t h e  
following: I 0 IR  = r+i:/+)rn l l > j  

1 r  U U \ L l  U I  \ T I  

where each symbol has the same d e f i n i t i o n  as given before .  F i g u r e  I X  shows agree- 
ment between experimental  and ca lcu la ted  s u r f a c e  areas. 

Composition of  Elec t rocodepos i t s  

The Effec t  o f  Current  Densi ty  on Deposit Composition: Elec t rodepos i t s  formed 

Consequently the  

------ 
i n  t h e  same manner as i n  t h e  previous s e c t i o n  were found t o  give t h e  same shape 
curve as Figure V I 1 1  when $Pb is  p l o t t e d  versus  c u r r e n t  dens i ty .  
form o f  t h e  equation which r e l a t e d  s u r f a c e  a r e a  and cur ren t  d e n s i t y  w i l l  se rve  t o  
relate $Pb found i n  d e p o s i t  vs curren t  densi ty;  it is: 

%F% = b t ( i / t ) m  ( 5) 
Again, b and m are c o n s t a n t s  and a r e  obtained from l i n e a r  p l o t s  o f  equat ion (5)  
u s i n g  experimental da ta .  

E f f e c t  of  Pb I o n C o n c e n t r a t i o n  i n  t h e  P l a t i n g  Solut ion Upon t h e  S t r u c t u r e  and 
Phys ica l  P r o p e r t i e s  o f  t h e  Elec t rodepos i t  

Ef fec t  Upon Surface  Area: The electrochemical  s u r f a c e  areas were aeasured f o r  
a series of Pt-Pb d e p o s i t s  prepared from p l a t i n g  so lu t ions  containing d i f f e r e n t  
amounts o f  ~b i o n  at a c u r r e n t  d e n s i t y  of 100 rna/cm2. 
weight of t h e  e l e c t r o d e p o s i t  w a s  found t o  d e c l i n e  upon increased addi t ions  of Pb i o n  
The concentrat ions s t u d i e d  ranged between 1 x 

Effec t  on Deposit S t r u c t u r a l  Propert ies :  

The s u r f a c e  a r e a  p e r  u n i t  

and 5 x lo-* moles/liter. 

Cross s e c t i o n a l  and surface photo- --- 
graphs were taken o f  t h e  deposits prepsred from s o l u t i o n s  containing d i f f e r e n t  
amounts of Pb i o n  at 103 ma/cm2. Cross s e c t i o n a l  s t u d i e s  revealed a t r a n s i t i o n  from 
a c l o s e l y  packed 3eposit prepared  from a s o l u t i o n  containing 1 x moles / l i t e r  Pb 
i o n  t o  a d e n d r i t i c  type d e p o s i t  from a s o l u t i o n  containing 1 x m o l e s / l i t e r  Pb i 
Surface photographs show a corresponding t r a n s i t i o n  i n  t e x t u r e  from f i n e  gra ins  t o  a 
toarse open s t r u c t u r e  f o r  t h e  lower and higher  concentrat ions of Pb i o n  respect ively.  

4 
CONCLUDING RFMARKS 

This study has demonstrated t h a t  r e p l i c a t i o n  e l e c t r o n  microscopy i n  con- 
j u n c t i o n  with c r o s s - s e c t i o n a l  o p t i c a l  microscopy can be appl ied  t o  t h e  charac te r i -  
z a t i o n  of t h e  morphology and mode of nuc lea t ion  of Pt or Pt-Pb e lec t rodepos i t s .  
a n a l y s i s  has a l s o  shown that by  c l o s e l y  c o n t r o l l i n g  t h e  micros t ruc ture  through 
judic ious  changes i n  t h e  cell  p l a t i n g  condi t ions,  l a r g e  v a r i a t i o n s  i n  t h e  proper t ies  
of t h e  deposi t  can b e  obtained.  
conta in ing  Pt and Pb was greater than  t h a t  observed with s o l u t i o n s  containing O d Y  
Pt under similar condi t ions .  
w a s  found t o  b e  dependent on t h e  weight of t h e  depos i t ,  t h e  e lec t rodepos i t ion  time, 
and t h e  cur ren t  d e n s i t y .  

The 4’ 

The q u a n t i t y  of n u c l e i  deposi ted from solu t ions  

An i n c r e a s e  i n  t h e  s u r f a c e  area of t h e  Pt-Pb c o d w o a i t s  
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MAGNIFICATION. I I n n n Y  . 

0) PLATINUM SURFACE b) THERMAL 
AS RECEIVED ETCHED - 

J 
! 

C)AOUA REGIA d) SODIUM CARBONATE 1 
ETCHED FTCHFO 

8 '\ .b. 

t i  
e )  METALLOGRAPHIC 1 )  SANDBLASTED 

POL1 SH SURFACE 
I 
" . 

F I G U R E  I 

P - 
NUCLEATION AND 

I GROWTH OF PLATINUM-LEAD 
CODEPOSITS ON AS RECEIVED 

PLATINUM SUBSTRATES 
' MAGNIFICATION: I I,OOOX 100 ma/cm2 

. . . .  -y* * -  4 . 
.' .. . 6. . 

. % .  . . . . . . . .  . . .  . . . . .  '2s ' . .  . ' , .. ., : " . &: 
\i *d; . .  

. .% . 
>, I.. ' ' 

I (  - 
a) 0.1 SEC b) OJSEC . 

e )  60 SEC 

I 

F I G U R E  3 

Pt BLACK ELECTROD.EPOSITION 
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CROSS SECTIONS 
Pi-Pb OEPOSlT 

I 
200.  

I . IO0  .n.,cm* 
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# 1090 nClcn'  
I . 1 7 .  I".. ...I 

OF ELECTRODEPOSITS 
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1000. 
I . IO0  mo/cm' 
I . 10.000 I.C @. 286 m C / m '  
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